1. An enzyme system that catalyses a synergistic decarboxylation of glyoxylate and 2-oxoglutarate has been purified from pig-liver mitochondria. 2. The purified system is specific for glyoxylate and 2-oxoglutarate as substrates, although in earlier stages of purification glycine and L-glutamate are also active. 3. The reaction is inhibited strongly by EDTA and N-ethylmaleimide. Substrate analogues, present at concentrations equimolar with respect to the substrates, are not effective as inhibitors. 4. The reaction proceeds in the absence of added cofactors. Magnesium chloride, mercaptoethanol and sucrose stimulate the reaction, and stabilize the activity of the enzyme. 5. The pH optimum of the reaction is 7-0. The Km values of glyoxylate and 2-oxoglutarate, at saturating concentration of the corresponding co-substrate, are 16mM and 3'6mM respectively. 6. Isotopic work with specifically labelled [14C]glyoxylate and 2-oxo[14C]-glutarate suggests that the enzyme system catalyses an initial condensation of glyoxylate and 2-oxoglutarate that results in, or leads to, release of C-1 of both substrates as carbon dioxide. C-2 of glyoxylate and C-5 of 2-oxoglutarate do not appear as carbon dioxide. 7. The stoicheiometry of the reaction is complex. During the initial stages of the reaction, more carbon dioxide is recovered from 2-oxoglutarate than from glyoxylate. Subsequently, there is a disproportionate increase with time of carbon dioxide evolution from the carboxyl group of glyoxylate. The excess of decarboxylation of glyoxylate over 2-oxogluturate is further increased by treatment of reaction products with acid.
Although many enzymic transformations of glyoxylate have been reported in mammalian tissue, many aspects of its role in mammalian intermediary metabolism remain obscure. Several reactions for its formation have been reported: transamination between glycine and 2-oxoglutarate in liver (Cammarata & Cohen, 1950) ; oxidation of glycine by a glycine oxidase found in liver or kidney (Ratner, Nocito & Green, 1944) ; reversible cleavage of 4-hydroxy-2-oxoglutaric acid to pyruvate and glyoxylate in liver (Dekker & Maitra, 1962; Kuratomi & Fukunaga, 1960 . Similarly, several reactions for its further metabolism or breakdown in mammalian tissue have been reported: amination or transamination to glycine (Weinhouse & Friedmann, 1951; Nakada & Weinhouse, 1953a,b; Fleming & Crosbie, 1960; Nakada, 1964) ; condensation of pyruvate and glyoxylate to give 4-hydroxy-2-oxoglutaric acid (see above); non-enzymic condensation with oxalo-P. R. STEWART AND J. R. QUAYLE dioxide. It was suggested that the N-formyl-Lglutamate hydrolysed to formate and glutamate. The second type of decarboxylation of glyoxylate was discovered by Crawhall & Watts (1962) with human-and rat-liver mitochondria. They, too, observed a decarboxylation of glyoxylate that was stimulated by L-glutamate. However, the latter workers were unable to detect N-formyl-L-glutamate either as an intermediate or product of the reaction. Further, they found that 2-oxoglutarate was more effective in promoting the decarboxylation than was L-glutamate. When 14C-labelled substrates were used it was found that both C-1 of glutamate and C-1 of glyoxylate contributed largely to the evolved carbon dioxide. The nature of this synergistic decarboxylation of glyoxylate and 2-oxoglutarate was not known.
The object of the work now described was to re-examine the decarboxylation of glyoxylate by liver mitochondria, and to purify the enzyme system involved. For convenience, pig liver was used as the source of mitochondria. An enzyme system has been purified that catalyses a decarboxylation of glyoxylate and 2-oxoglutarate in the presence of each other, and some isotopic studies have been made of the mechanism of the reaction. Part of the work reported here has been reported in preliminary form (Stewart & Quayle, 1966 Glyoxylic acid was 99% pure when assayed with lactate dehydrogenase and NAD (Meister, 1957) . 2-Oxoglutarate was assayed at 100% purity with NADH2 and glutamate dehydrogenase (Bergmeyer & Bernt, 1963 Table 1 .
For later experiments involving decarboxylation of limiting amounts of non-radioactive glyoxylate and 2-oxoglutarate, the enzyme system used was one that had been purified only as far as precipitation by (NH4)2SO4 at 40-50% of saturation.
Manometric assay of enzyme activity. The activity of the enzyme was assayed by manometric determination of CO2 production. Incubations were carried out in Warburg micro-flasks (7-lOml. vol.) with two side arms at 370 in a N2 atmosphere. To start the reaction, enzyme solution was tipped from one side arm into the main compartment. The main compartment contained 40,umoles each of sodium glyoxylate and sodium 2-oxoglutarate, adjusted to pH7-0, and 50,umoles of potassium phosphate, pH7-0.
The total volume of the complete reaction mixture was 0-95ml. After 60min. of shaking, 0-10ml. of 7N-H2SO4 was added from the second side arm and CO2 output determined after a further 60min. of shaking. One unit of enzyme activity is defined as that amount of enzyme catalysing the production of 1m,umole of C02/min. under the conditions of assay. Controls were performed by incubating a Warburg flask without tipping the enzyme in from the first side arm. At the end of the reaction time, both enzyme and acid were tipped in together. The volume of CO2 thus liberated was subtracted from the CO2 yield in the test flasks.
There was a linear relationship between the decarboxylation of glyoxylate and 2-oxoglutarate and the amount of enzyme added. Under the conditions used, progress of the decarboxylation was linear with time for about 20min. and thereafter fell off slowly.
Radioactive assay of enzyme activity. The Warburg Table 2 . Location of decarboxylation activity in the, mitochondria of pig liver
Crude particulate fraction was prepared by mincing 100g. wet wt. of pig liver, and homogenizing in 200ml. of a solution containing 31m-moles of KCl, 0-5m-mole of MgSO4 and 4m-moles of sodium phosphate at pH7-4.
The sediment formed by centrifuging at 6000g for 10min. was washed twice with 860ml. of the buffer solution and the final sediment resuspended in 500ml. of buffer. Reaction mixtures contained 1-0ml. of liver preparation, and other additions as noted, in a final volume of 1-2ml. Otherwise, assays were carried out as described in the Materials and Methods section. Mitochondria were prepared as described in the Materials and Methods section. They were suspended in 0-25M-sucrose, pH7-4, so that 1-0ml. of suspension contained mitochondria prepared from 3g. of liver. Reaction mixtures contained 0-5ml. of mitochondrial suspension, 0-50ml. of 0-25M-sucrose, pH7-4, and other additions as noted, in a final volume of 1-14ml. Otherwise assays were carried out as described in the Materials and Methods section. Mitochondrial extract (containing 15mg. of protein/ml.) was prepared by passing mitochondria (from 25g. of liver), suspended in 10ml. of 20mM-potassium phosphate, pH7-0, through a Ribi cell fractionator (Ivan Sorvall Inc., Norwalk, Conn., U.S.A.) at 250001b./in.2 and 5°. The extract was centrifuged at 28000g for 20min., the supernatant removed and the sediment resuspended in 20mM-potassium phosphate, pH7-0 (equal to volume of supernatant). Reaction mixtures contained 1-0ml. of Table 2 , the synergistic decarboxylation of glyoxylate and 2-oxoglutarate in pig-liver homogenate, mitochondria and disrupted mitochondria is shown. In crude homogenates it is difficult to detect any synergism owing to high blank values, and also L-glutamate stimulates decarboxylation more than 2-oxoglutarate. However, with mitochondria, glyoxylate and 2-oxoglutarate show a strong mutual enhancement of decarboxylation: L-glUtamate is far less effective than is 2-oxoglutarate.
Within mitochondria, the enzyme system responsible for the decarboxylation is concentrated in the soluble fraction rather than the particulate.
Partial purification of enzyme from dierupted mitochondria. Most of the enzyme is precipitated from the soluble fraction of disrupted mitochondria within 40-50% of saturation with ammonium sulphate. As a result of this purification step, the ability of L-glutamate to substitute for 2-oxoglutarate is further decreased (Table 3) . No evidence for a cofactor requirement was found.
Pasage ofenzyme through a column of Sephadex G-50 (1-5 cm. x 10cm.), equilibrated with sodium phosphate buffer (0-02 m, pH 7-0 or 8-5) did not appreciably affect its activity. Added TPP was 
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Effect of pH on enzyme activity. When the synergistic decarboxylation of glyoxylate and 2-oxoglutarate by the enzyme preparation was determined at different pH values, a peak of activity was seen at pH7-0 (Fig. 2) . There was no obvious effect of acetate buffer on the reaction as compared with phosphate. The activity at pH 7 0 was not altered when tris-hydrochloric acid was substituted for potassium phosphate.
Effect of aerobic condition8 on the decarboxylation reaction. The substitution of air for nitrogen in the gas space above the incubation mixture decreased the production of carbon dioxide. Thus, in a typical experiment with nitrogen present, 96,iu. of carbon dioxide was evolved in 1 hr., whereas under air 65 ul. ofgas was produced. Under air with alkali present in the centre well, a net uptake of 4,ul. of gas was observed. This experiment shows that all the gas produced during the reaction is carbon dioxide. (Table 4) .
NAD and NADP were without appreciable effect on the decarboxylation of glyoxylate and 2-oxoglutarate and were not reduced when tested spectrophotometrically at 340 m,. TPP gave a slight stimulation. This compares with an earlier stage in the purification of the enzyme where TPP showed no effect.
The effect of N-ethylmaleimide, EDTA, avidin, magnesium chloride, mercaptoethanol and sucrose on the decarboxylation was tested. N-Ethylmaleimide and EDTA inhibited the reaction, the inhibition being more effective when they were preincubated with the enzyme. Avidin did not tration of the other substrate. A plot of the results obtained is shown in Fig. 3 . 2-Oxoglutarate at concentrations greater than 16mM displayed substrate inhibition under these conditions. Glyoxylate consistently gave results that yielded a sigmoidal plot. Replotted in the form of Lineweaver-Burk reciprocal plots, the Km values under these conditions were: 2-oxoglutarate, 3-6mM; glyoxylate, 16mi.
Decarboxylation of limiting amournt8 of glyoxylate and 2-oxoglutarate. When the partially purified enzyme was incubated with limiting amounts of either glyoxylate or 2-oxoglutarate until carbon dioxide evolution had virtually stopped, rather variable values for ,umoles of carbon dioxide evolved/p,mole of substrate added were obtained (Table 5) .
These values were taken from six experiments with two different enzyme preparations. On average, slightly more than 1 ,umole of carbon dioxide was evolved from either 1,umole of glyoxylate or 2-oxoglutarate in the presence of 2 ,umoles of the other substrate.
Origin of the carbon dioxide formed during reaction. C-1 of both glyoxylate and 2-oxoglutarate 2-oxoglutarate, but as the reaction proceeds proportionately more carbon dioxide is yielded from glyoxylate. The yield of carbon dioxide from 2-oxoglutarate is proportional to reaction time; the yield from glyoxylate increases disproportionately. Hence the ratio (R) of glyoxylate decarboxylated to 2-oxoglutarate decarboxylated rises with reaction time.
The same experiments were repeated, but in addition the reaction was stopped, and bound carbon dioxide displaced, by treatment with dilute sulphuric acid for 60min. The effect is greatly to increase the yield of carbon dioxide from glyoxylate, and leave unaffected the yield from 2-oxoglutarate. Again, there is a disproportionate increase in yield of carbon dioxide from glyoxylate, so that R rises with incubation time.
In Table 9 results are shown of experiments in which incubation time with enzyme has been maintained constant while time of subsequent incubation with acid was varied. An increase in R is again seen with increase in the time of incubation with acid, and likewise the increase in R is due to a disproportionate increase in yield of carbon dioxide from glyoxylate. The yield from 2-oxoglutarate remains approximately constant, apparently unaffected by exposure to acid.
Various combinations of incubation conditions have been tried in which glyoxylate and 2-oxoglutarate have together been incubated with active enzyme or boiled enzyme, in the absence of enzyme, and in the presence of sulphuric acid (Table 10) . It is clear from these experiments that the evolution of purified enzyme (122units/mg.); the second side arm contained 0 10ml. of 7N-H2SO4 in incubations of Expt. 2; the centre well contained 0-05ml. of 5N-NaOH. The total volume of the incubation mixture was 0-95ml.
Incubation was at 370 under N2. The contents of the centre wells were analysed as in Table 2 . In Expt. 2 the reaction was terminated by tipping the acid in, followed by incubation for a further 60min. before the centre well contents were analysed. It is known that hydrogen peroxide can oxida-29 tively decarboxylate glyoxylate, and hence any hydrogen peroxide that might be formed in the reaction mixture due to oxidase activity might result in release of carbon dioxide from C-1 of glyoxylate. It seemed unlikely that any significant quantities of hydrogen peroxide would be formed during the incubation, since the incubation was performed under nitrogen; nevertheless, the possibility was examined by testing the effect of catalase (from C. F. Boehringer und Soehne, Mannheim, Germany) on the release of carbon dioxide from reaction mixtures. It was found that addition of 0 5 mg. of catalase to reaction mixtures (containing Bioch. 1967, 102 envisaged; these reactions are designated I, II, III or IV in Scheme 1.
Reaction I represents an acyloin condensation leading to a hydroxy-keto tricarboxylic acid (1). Successive decarboxylations of the carboxyl groups , and a to the keto group would lead to hydroxylaevulic acid (7) via the intermediate 3-hydroxy-2-oxoadipate (4). If the decarboxylations were carried out in the reverse order, i.e. the a-carboxyl followed by the ,-carboxyl, then the same product (7) would result as before but the intermediate would be different, i.e. compound (5). Since the initial reaction I is an acyloin condensation, it might be expected to involve TPP as a coenzyme (Holzer, 1961) (Kohlaw, Deus & Holzer, 1965) . Acyloin condensation of this with 2-oxoglutarate would then lead by route II directly to compound (5) and thence to compound (7). Route III represents an aldol condensation leading to compound (2). Route IV represents an acyloin condensation between glyoxylate and an intermediate such as active succinic acid semialdehyde, H02C0*1CH2.01CH2.0CH(OH) .TPP, derived from the reaction between 2-oxoglutarate and TPP. The product (3) being an oc-hydroxy-fl-oxo acid should readily decarboxylate to compound (6).
The structure of compound (2) does not provide such a ready explanation for the loss of the carboxyl groups derived from the C-1 position of both glyoxylate and 2-oxoglutarate as does any of the routes I, II or IV. For reasons outlined above, reaction II is considered more likely than reaction I. Since the present work shows that the synergistic decarboxylation of glyoxylate and 2-oxoglutarate leads to loss of the oc-carboxyl group from the two substrates, or derivatives therefrom, compound (6) tion of activity. Our inability to find a labelled product from glyoxylate could be ascribed to spontaneous decarboxylation of compound (3) to compound (6) taking place in the acidic solvent systems that were used for the chromatography. It may be noted that, in contrast, Koch & Stokstad (1966) trapped the intermediate compound as a phenylhydrazone before chromatography. The results of their work do. not, apparently, help to explain the enhanced evolution of carbon dioxide from the carboxyl group of glyoxylate, as compared with that from oc-oxoglutarate, which we observed under our experimental conditions.
